We develop here the principle of an experiment whose purpose is the measurement of the atomic recoil velocity. The ratio h/M X , where h is the Planck constant and M X the atomic mass, and then the fine structure constant α, can be deduced from this measurement. A high precision measurement of the recoil velocity should lead to a determination of α of metrological interest.
Determinations of the fine structure constant
The fine structure constant α has been determined with different methods in different subfields of physics, for example, in atomic physics through the measurement of the hyperfine structure of muonium [1] , or in the condensed matter field area with the quantum Hall effect or the Josephson effect [2] [3] [4] . The most accurate determination of α (relative uncertainty 3.8×10 −9 ) comes from the measurement of (g−2) for the electron and positron [5] . All these measurements lead to determinations of α with a relative uncertainty on the order of 10 −8 , but their total dispersion is equal to 3 × 10
(see CODATA 1998 [13] ). For this reason, new accurate determinations of α are highly desirable. Another possible method is the measurement of the ratio h/M X , where M X is the mass of the particle X. Indeed, α is given by
where R ∞ is the Rydberg constant, A r (X) is the relative mass of particle X and A r (e) is the relative mass of the electron. In this expression, several terms are known with a very small relative uncertainty (8 × 10 −12 for R ∞ [6, 7] , 2 × 10 −9 for A r (e) [8] , and, for instance, 2 × 10 −10 for A r (X) in the case of several alkaline atoms). Then the limitation is due to the uncertainty in the ratio h/M X . The expression was first exploited with neutrons [12] , and, more recently, with caesium atoms by measuring this ratio. Using an atom interferometer, based on a laser-cooled caesium atom, Chu's group in Stanford University has determined α with a relative uncertainty better than 10 −8 [9, 10] . Pritchard's group in MIT has demonstrated the feasibility of an experiment based on a contrast interferometer using a sodium Bose-Einstein condensate, and has given a preliminary measurement of the recoil frequency with a precision of 7 × 10 −6 [11] . Here we present the principle of an experiment where the Bloch oscillation of an atom in a standing wave is used to transfer to the atom a large number of photon momenta and to deduce h/M X .
Principle of the measurement of the recoil velocity
The purpose of the experiment is the measurement of the recoil velocity v r of an atom that absorbs a photon of frequency ν (v r = hν/M X c). If the velocity dispersion of the atoms involved is narrower than the recoil velocity, the recoil due to the absorption of a photon can be directly measured. So the atoms have to be first subrecoil cooled. If an atom undergoes cycles of absorption and emission of a spontaneous photon, at each cycle it acquires the average momentum hν/c. But, as the spontaneous emission takes place in a random direction, the total momentum transferred to the atom is not well defined, Figure 1 . Acceleration of cold atoms with a frequency chirped standing wave. The variation of energy versus momentum in the laboratory frame is given by a parabola. The energy of the atoms increases by the quantity 4(2 j + 1)E r at each cycle.
leading to a broadening of the velocity distribution. The solution is then to use two non-resonant (to avoid spontaneous emission) counter-propagating beams of frequencies ν 1 and ν 2 . In this case, the atom undergoes Raman transitions between two hyperfine levels: absorption of a photon ν 1 followed by stimulated emission of a photon ν 2 . The transferred momentum is well defined and equal to h(
allows us to deduce the ratio h/M X from the measurements of the frequencies ν 1 and ν 2 and of the initial and final velocities v i and v f . If only one hyperfine level is involved (ν 1 = ν 2 = ν), the transferred momentum is 2hν/c, corresponding to 2v r . In that case, one can achieve a large number of transitions, leading to a coherent acceleration of the atoms.
Acceleration of the atoms
The experiment is made up of three steps: firstly the selection of an atomic velocity class at rest whose dispersion is smaller than the recoil velocity, secondly the transfer of N times the quantity 2hν/c (N is the number of cycles) by a coherent acceleration of the atoms and thirdly the measurement of the final velocity. N has to be large to improve the measurement's precision (we expect to perform more than 800 transitions).
The atoms are first cooled with an ordinary cooling scheme (magneto-optical trap (MOT) and optical molasses) to a temperature corresponding to an RMS velocity of about three times the recoil velocity. To select a 1D-subrecoil velocity class, we use a velocity selective Raman transition between two different hyperfine levels of the ground state. This transition is achieved with two non-resonant phase-locked counter-propagating beams of different frequencies.
The second step uses Raman transitions involving only one hyperfine level in order to modify the atomic momentum while leaving the internal state of the atoms unchanged. This is obtained by subjecting the atoms to a frequency chirped standing wave. The frequency difference ν is increased so that, because of the Doppler effect, the beams are always resonant with the same atoms ( ν = 4(2 j + 1)E r / h, j = 0, 1, 2, 3, . . . where E r / h is the recoil energy in frequency units and j the number of transitions). This leads to a succession of rapid adiabatic passages between momentum states differing by 2hν/c (see figure 1 ). This experiment has already been performed in Salomon's group: 50 momentum transfers were observed [17] .
In the solid-state physics approach, this phenomenon is known as Bloch oscillations in the fundamental energy band of a periodical optical potential. The atoms are subjected to a constant inertial force obtained by the introduction of the tuneable frequency difference ν between the two waves that create the optical potential [14] .
The last step of the experiment consists in measuring the final atomic velocity with a velocity selective Raman transition, as has already been done for the selection of the initial velocity class.
The main fault of this scheme is that, as the frequency chirped standing wave is horizontal (so that the acceleration due to gravity does not perturb the atomic momentum in the wave direction), the atoms leave the beams quickly because of gravity. In our experimental configuration, we take about 20 ms to perform the measurement which is not sufficient to achieve, for example, 800 momentum transfers (a cycle's duration is typically on the order of 1 ms).
Vertical configuration
To increase the interaction time, the solution is to use vertical beams. Then the atomic motion is more complicated: it varies because of both acceleration due to gravity and momentum transfer due to the Raman transitions. The simplest configuration occurs when the force created by the Raman transition exactly compensates the acceleration due to gravity. This can be achieved by using a standing wave of fixed frequency ν instead of the frequency chirped standing wave.
The atom, initially at rest, starts to fall because of gravity. When its momentum has reached the value −hν/c, it absorbs a photon from the up-propagating wave and emits another one in the down-propagating wave. At the end of this transition (see figure 2), its momentum is equal to +hν/c. The atomic momentum varies between +hν/c and −hν/c. The time required for this oscillation is equal to T = 2hν/cM X g where g is the acceleration due to gravity. In the case of the rubidium atom, the oscillation frequency is about 830 Hz. This process should repeat indefinitely; the limitation is given by the atomic transverse motion. For example, the time for one oscillation being on the order of 1 ms and the transverse velocity approximatively equal to 5v r , 800 momentum transfers require a beam waist of 2.4 cm (5v r N T ). With a more reasonable beam waist, for example 6 mm, only 6% of the atoms will be detected. This means that we have to start the experiment with a large number of atoms (on the order of 10 9 ) or to confine the transverse motion.
In this scheme, the constant inertial force which produces the Bloch oscillations is the acceleration due to gravity.
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The conservation of the momentum gives
where t is the interaction time of the atoms with the standing wave. In order to deduce the ratio h/M X from equation (2), one has to measure the initial and final velocities, the laser frequency, the interaction time with a precision in the range of 10 ns and the local acceleration due to gravity (the relative uncertainty on local g, available with the best actual gravimeters, is on the order of 2 × 10 −9 ). If we start the measurement with a velocity distribution whose width at half maximum is v r /100 and if we obtain a signal to noise ratio of 100, the order of magnitude of the final precision on h/M X should be 6 × 10
Experimental set-up

Cooling apparatus
The experimental cooling apparatus consists of a vapour cell MOT for rubidium atoms. The trapping laser system is composed of six beams obtained with two injected laser diodes at 780 nm detuned on the red side of the trapping transition 5S 1/2 (F = 2) → 5P 3/2 (F = 3). We also use a repumping beam, resonant with the 5S 1/2 (F = 1) → 5P 3/2 (F = 2). After loading the MOT (we obtain at least 10 6 atoms in a loading time of 3.9 s: the number of atoms is limited by the cell's window's small diameter), the magnetic field is switched off and the atoms are cooled in an optical molasses. To measure the temperature of the atomic cloud (and, in the following steps of the experiment, to measure separately the number of atoms in the two hyperfine ground states), we use the one-dimension time of flight technique developed for atomic clocks and atomic fountains and depicted in [15] . In our case, the detection region is located at about 15 cm below the trapping zone. The measured velocity spread, after the optical molasses, is equal to 3v r , corresponding to a temperature on the order of 3 µK.
Selection of a sub-recoil velocity class
The two Raman beams are generated by two MOPAs (master oscillator power amplifiers) injected by two grating stabilized extended cavity master laser diodes. One of the two diodes is stabilized on a very stable zerodur Fabry-Perot cavity. The other one is phase-locked on the first one. The frequency difference between the two diodes is set to be equal to the hyperfine structure of the ground state (6.8 GHz) bias a microwave frequency chain. The MOPA are injected with 8 mW of laser diode beam and deliver about 300 mW at 780 nm. The Raman transition is detuned by the quantity R from the excited state of the transition to avoid spontaneous emission (see figure 3) .
The MOPA's light goes through two 80 MHz acoustooptic modulators (AOM1 and AOM2 of figure 5 ). The −1 order of diffraction is used for the Raman beams in order to be able to switch off the Raman light by switching off the radio frequency of the AOM. The frequency chain drives the scan of the detuning δ (see figure 3) . A magnetic field of at least 100 mG is applied so that only the m F = 0 sub-levels take part (i.e. the probability for an atom to be in the F = 1 level when the π -condition is fulfilled) with itself. The fit gives R = 0.012 MHz, a peak's maximum for a detuning equal to −0.15 kHz and a π -condition equal to 0.98 (instead of 1).The width at half maximum is equal to v r /3. The fact that the curve is not centred on zero is probably due to a slight misalignment of the Raman beams with respect to the horizontal direction. In this case, the acceleration due to gravity takes part in the atomic motion and shifts the curve.
in the Raman transitions. The two counter-propagating Raman beams of different frequencies ν 1 and ν 2 are spatially filtered and sent to the MOT cell with orthogonal linear polarizations.
A sequence of selection and measurement of an atomic velocity class takes place as follows: The frequency of the tuneable Raman beam is initially fixed at the value ν select . After the optical molasses phase, a square pulse [16] of duration t switches on the Raman beams in order to select an atomic velocity class by transferring the involved atoms from 5S 1/2 (F = 2 m F = 0) to 5S 1/2 (F = 1 m F = 0). The longer a π-pulse is, the narrower the velocity dispersion is. This leads to a weak signal because only a small fraction (about 2%) of the atoms takes part of the selection. The pulse's duration is linked to the Rabi frequency of the Raman transition ( R ) to respect the π-pulse condition ( R t = π). As R is proportional to the intensity of the Raman beams, and inversely proportional to the detuning R , one can choose R by adjusting these two parameters. For example, we can choose R approximatively equal to 10 kHz, the intensity per beam to 80 mW cm −2 and the detuning to 60 GHz, leading to a pulse duration of 0.3 ms to select a velocity class whose width at half maximum is equal to v r /3 (the recoil velocity corresponds, in these units, to 15.08 kHz).
Immediately after the selection, we switch on one of the six trapping beams to create a progressive wave that pushes the unselected atoms away. Then the frequency of one of the Raman beams is shifted from the value ν select to the value ν measure and a second Raman transition is applied to record one point of the velocity distribution.
The sequence of cooling and selection is repeated with another value of ν measure until the detuning δ has been scanned on a few 10 kHz. A typical measurement of a subrecoil velocity class is given by figure 4.
Acceleration of the atoms
Right to now, as a preliminary experiment, we have built up the horizontal configuration set-up and recorded the first signals.
A simplified scheme of the experimental set-up is depicted in figure 5 . The Raman beam of lowest frequency (ν 2 ) is used to produce the frequency chirped standing wave to accelerate the atoms. At the same time the other Raman beam is off. The MOPA beam used for Bloch oscillations (denoted MOPA2 in figure 5 ) is split in two parts and sent to two AOMs. The first one (AOM2) is driven by a fixed 80 MHz frequency to generate the frequency of the transition ν 2 , the second one (AOM Bloch) by a tuneable frequency whose difference with the first one is precisely phase controlled. The corresponding frequency ν varies linearly with time (ν = ν 2 + ν(t)).
The two beams have parallel linear polarizations and are superimposed onto the horizontal optical axis of the Raman beams in counter-propagating directions. The optical potential is adiabatically turned on by linearly increasing the intensity of the standing wave in about 300 µs. To ensure the adiabaticity of the acceleration process, and so to keep the atoms in the same internal state, the constant inertial force to which they are subjected has to be weak. In the solid-state approach, this is equivalent to avoiding interband transitions. We chose the weak binding limit for the optical periodic potential (U 0 16E r where E r is the recoil energy and U 0 the potential depth): U 0 is small enough to be considered as a perturbation for plane waves. In this case, one can treat the transitions sequentially and take into account only two momentum states at a time. In the weak binding limit, the condition of adiabaticity is [17] M X a λ
where a is the acceleration and λ the wavelength of the transition. The condition can be expressed in terms of frequency:
where R is the effective Rabi frequency of the two-photon
). To fulfil the condition of adiabaticity, for example, one can scan ν(t) on 150 kHz in 4.8 ms. In figure 6 , we have performed five momentum transfers (i.e. 10v r ). The intensity per beam is on the order of 100 mW cm −2 and the detuning R on the order of 30 GHz. The corresponding acceleration is equal to 12.5 m s −2 . The decrease of the signal to noise ratio between the two curves of figure 6 is mainly due to the fact that, after a 15 cm free fall, a large fraction of the atoms misses the detection area. Very recently, we have been able to accelerate the atoms with 50 transitions in one direction and 50 transitions in the opposite direction with almost no attenuation.
Summary
In this paper, we describe the principle of an original method leading to an accurate determination of the fine structure constant α. It consists in measuring the momentum transferred to an atom by a Raman transition involving only one hyperfine level, the measurement accuracy being then proportional to the number of transitions.
Two different geometries can be used. In the first one, the atoms are placed into a horizontal frequency chirped standing wave: they are then subjected to a constant inertial force due to the tuneable frequency difference between the two beams that create the optical potential. The experimental set-up corresponding to this situation is detailed and the very first results are shown.
In this horizontal scheme, the interaction time between light and atoms (and so the number of transitions) being limited by gravity, the second step of the experiment will consist in the realization of a vertical standing wave, in which the inertial force is the acceleration due to gravity. In this vertical configuration, we expect to realize more than 800 transitions, leading to a measurement of h/M Rb with a relative uncertainty of 6 × 10 −8 and to a determination of α at 3 × 10 −8 .
